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Peter G. Valentine, Ralph D. Maier and Terence E. Mitchell* 


ABSTRACT 


A coomercially available bulk 4.5 mole percent yttrla-(Y 203 )- 
partlally-stablllzed zlrcor.la (PSZ) was studied by light micros* 
copy, x-ray analysis, microhardness measurement, and fracture 
toughness testing . The growth of the precipitates and the phase 
transformations were studied as a function of aging In air at 
1500®C. Aging curves were constructed for both the as-received and 
the solution-annealed-and-quenched materials; the curves showed 
hardness peaks at 1397 and 1517 ■..g/mm2 respectively. The rectangular 
plate-shaped tetragonal precipitates were found to have a {llO] 
habit plane. A total of twelve different types of tetragonal pre- 
cipitates were found. Grinding of the Y 2 O 3 PSZ into powder did 
not cause a significant amount of metastable tetragonal precipi- 
tates to transform into the monocline phase, thus indicating that 
transformation toughening is not a significant mechanism for the 
material. The fracture toughness of the aged and of the unaged 
solution-annealed-and-quenched PSZ was found to be between 2 and 3 
MN/m^'^. 


* Of the authors, Mr. Valentine, formerly a graduate student 
in the Department of Metallurgy and Materials Science, Case 
Western Reserve University is now in the U.S. Air Force; 

Dr. Maier is associated with Gould Inc., Cleveland, Ohio; 
Dr. Mitchell is Professor of Metallurgy and Materials 
Science, Case Western Reserve University, Cleveland, Ohio 
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SUMMARY 


A connnercially available bclk 4.5 mole-X yttria-(Y 203 )-partially 
stabilized zirconia (PSZ) was studied with light microscopy, transmission 
electron microscopy. X-ray analysis, microhardness testing, and fracture 
toughness testing. In the cs-received condition this material exnibited 
34 pm equiaxed grains which were comprised of 0.03 pm coherent tetragonal 
precipitates situated in a cross-hatch or tweed configuration in a cubic 
matrix. In addition, the PSZ contained larger spheroidal and grain boundary 
precipitates up to 4 pm in size which were either metastable tetragonal 
or monoclinic in structure. Spheroids up to 2.07 pm in diameter were 
tetragonal; larger spheroids were monoclinic. These metastable tetragon- 
al precipitates are the largest thus far reported for a PSZ system. 

Solution annealing and air quenching the as-received PSZ eliminated 
the large precipitates, but fine tetragonal precipitates (0.02 pm) arranged 
in a cross-hatch pattern reformed during the air quench. 

Both the as-received specimens and the solutlon-annealed-and-quenched 
specimens were aged at 1500°C for various lengths of time. Tie two aging 
studies yielded similar results, in that Initially both had homogeneously 
distributed tetragonal precipitates which grew and then grouped together 
into particles comprised of alternating tetragonal variants. The as- 
received and-aged specimens reached certain points in the mlcrostructural 
evolution earlier than the solution-annealed-and-quenched— and-aged 
specimens due to the differences in the starting points. The composition 
of the large spheroidal precipitates was found to be 0.9 mole-X Y^O^-ZrO^, 


ORIGINAL PAGE I.^ 
OF POOR QUALm 



that of the fine tetragonal precipitates was found to be 3.3 nole-% 

ZrO^f and that of the cubic matrix was found to be 4.8 mole^Z 

Y-0.j“ZrO-. For short agings the as*>recelved ?SZ exhibited a typical 
2 J ^ 2 

hardening behavior showing a maximum hardness of about 1400 Kg/mm 

after 50 minutes at 1500°C. At long aging;' » however, the hardness 

again increased. The solution-annealed- an J-quenched PSZ exhibited 

a much more sluggish hardening behavior than the as-recei^ ''d PSZ and 

2 

It reached a maximum hardness of 1517 K g/mm after 250 minutes at 
1500^0. For both aging studies two dimensions of the tetragonal pre- 
cipitates were measured for each aging treatments. Both studies yielded 
similar results, with the growth of the smaller dimension following a 
non-linear relationship that showed a high rate of growth. 

The tetragonal precipitates, which were found to have a (110) 
habit plane, are in the shape of rectangular plates. The edges of the 
plates are along two <110> and one <100> directions. The plates appear 
to be stacked up, one on top of the other, in <111> directions. There 
were found to be a total of twelve different types of tetragonal pre- 
cipitates. 

Grinding the Y^O^-PSZ into a powder did not cause a significant 
amount of metastable tetragonal to transform to monoclinic. This face 
implies that transformation toughening is not a significant mechanism in 
Y202”PSZ. The fracture toughening was found to be relatively insensitive 
to the aging treatments with all changes or fluctuations in being 
within the range of 2 to 3 These values are similar to those 

of other PSZ’s that do not exhibit transformation toughening. 
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I, INTRODUCTION 


Zirconia, which exhibits three polymorphic crystal structures between 
room temperature and its melting temperature (monocllnlc, tetragonal, and 
cubic), had excellent refra-'tory properties, but the use of bulk material 
has been greatly limited d. ■ to the martens in': ic tetragonal- to>monocllnic 
transformation that occurs on cooling at approximately llOO^C (1,2). This 
transformation has an associated three percent volume expansion that often 
causes cracking in the bulk material (3). Cracking during thermal cycling 
through the transformation range (approximately 800° ^ 1200°C) can sometimes 
be so severe that the material actually disintegrates into powder (4). 
Therefore, other oxides (such as CaO, MgO, and added to the Zr02 

to form either fully stabilized zirconias (solid solutions with the cubic 
fluorite structure) or partially stabilized zirconias (cubic phase material 
with second phase precipitates) (2,5,6). Partially stabilized zirconias have 
been found to have both better thermal shock resistances and mechanical pro- 
perties (such as bend strength, microhardness, and fracture toughness) than 
either unstabilized or fully stabilized zirconias (7,8). 

Considerable work has been done on the possible use of partially 
stabilized zirconias as thermal barrier coatings in gas turbine engines (9-15) . 
For thermal barrier applications, compositions of 3.5 and 4.5 mole-% ^2^3~ 
partially-stabilized zirconia have been found to perform the best in thermal 
cycling tests (15). In general, partially stabilized zirconias that use 
yttria as the stabilizing oxide have been found to perform better at elevated 
temperatures and during thermal cycling than partially stabilized zirconias 
that use calcia or magnesia as the stabilizing oxide. This is, in part, due 
to the fact that yttria is much less volatile than calcia or magnesia and, 
therefore, there is less chance of the stabilizing oxide being lost. Also, 


- 2 - 


the performance of certain compositions of yttrla-zlrconla (such as the 
one used In this study) is probably Improved by the fact that the hlph 
temperature tetragonal precipitates do not transform on cooling, but remain 
tetragonal in structure and, therefore, the cracking caused by the 
volume expansion that takes place when tetragonal particles transform 
to monoclinic ones is eliminated. 

In the present work, the effects of various heat treatments on the 
microstructure and mechanical properties of a A. 3 mole-% Y^O^-partially*- 
stabllized zirconia were studied. Ihe microstructures observed were 
characterized using optical microscopy, transmission electron microscopy, 
and x-ray analysis. In addition to characterizing the microstructures 
of the material, the microhardness and fracture toughness of the specimens 
were determined as a function of the heat treatments involved. 

II. EXPERIMENTAL PROCEDURES 

I>ie material used for this study was a commercially available bulk 
4.5 mole-percent Y 2 O 2 -PSZ*. The major impurities in the zirconia are as 
follows: Si, Hf, Tl, and Fe. 

All of the samples used were cylinders 5 mm high and 13 mm in diameter 
with a thickness of l.Smm. The Y20^-PSZ was characterized in the as-received 
condition as well as after thermal treatments. Three types of thermal treat- 
ments were employed: 

(1) as-received material was solution annealed in Che cubic 
solid solution region of the phase diagram, shown in 
Fig. 1. and then quenched in air to room temperature 
at a rate of over lOO^C per minute, 

C2) as-received material vas aged in air at 1500°C for various 
times, ranging from 25 minutes to 30 days, 

(3) solution-annealed-and-quenched material was aged in air at 

1500*^0 for various times, ranging from 25 minutes to 30 days. 


*The Y 2 O 2 -PSZ was produced by the Zircoa Corporation and was designated 
#1372. « 3 - 


Characterization was accomplished by standard techniques including light 
microscopy (LM), transmission electron microscopy (TEM), X-ray analysis, 
and microhardness and fracture toughness testing. In order to take optical 
photomicrographs and perform microhardness and fracture toughness measure- 
ments the same were ground with SiC paper and polished with Syton polish- 
ing liquid**. For the optical photomicrographs the samples were also 
thermally etched at ISOO^C for 25 minutes so that grain boundaries and 
all other interfaces would show up more clearly. Hicrohardness testing 
was performed with a Knoop indenter at loads of 0.2 kg, while fracture 
toughness readings were taken with a Vickers indenter at loads of 1.0 
hg (17). X-ray analysis of the phases present in both bulk and powder 
samples was accomplished with a diffractometer using Cu Ka radiation. 

Electron transparent foils were prepared for TEM by grinding, polishing 
and ion thinning the specimens. 

III. RESULTS AND DISCUSSION 
Characterization of the As-Received Material 

The microstructure of the as-received material, as revealed by LM, 
is comprised of 3A pm grains which contain a small percentage of 
spheroidal precipitates a few microns in size, grain boundary precipitates, 
and some porosity as shown in Fig. 2. The bulk density of the material 

3 

was found to be 5.73 gn/cm . This was determined according to an ASTM 
standard test method (designation: c 373-72 (Reapproval 1977)) The theore- 

3 

tical density is approximately 6.0 gm/cm (18), which means that the material 
is approximately 95.5 percent dense or has 4.5 percent porosity. TEM 
techniques revealed that the material consisted primarily of very fine 
coherent tetragonal precipitates in a cubic matrix. Brlght-field TEM imaging 
showed only the strain contrast caused by coherent precipitates (Fig. 3a); 
dark-field imaging using a tetragonal {112} reflection, however, revealed 
tetragonal precipitates arranged in a cross-hatch or tweed-like pattern 
(Fig. 3b). The two visible dimensions of the particles, the width and 


**Syston HT-30, a colloidal silica produced by Monsanto. 
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length, were found to be 0.02 yo by 0.03 wo at this orientation, which is 
near a llll] zone. The aicrohardness of the as**received material was 
measured to be 1302 kg/mm and the fracture toughness was found to be 
2.3 MN/m^^^. 

TEM was also used to demonstrate that the spheroids and grain 
boundary precipitates were either metastable tetragonal or monocllnlc in 
structure. The spheroidal particles ranged in size from 0.7 ym to 
3.5 yo, and the grain boundary precipitates were as large as 3 to 4 
ym in length. The structures of the spheroids appeared to be related 
to their size. Smaller spheroids were tetragonal; larger spheroids 
were monoclinic. Tetragonal spheroids as large as 2.1 ym were ob- 
served and appeared relatively featureless. Fig. 4 shows such a 
tetragonal spheroid that is 1.4 ym in diameter. Spheroidal precipitates 
larger than 2.1 ym exhibited a monoclinic structure and the numerous twins 
which are associated with the tetragonal-to-monoclinic phasr transformation. 
The spheroid shown in Fig. 4 is shown again in Fig. 5 with the particle 
titled to a IlllJ zone. In this figure the outline, or boundary, of the 
particle is more clearly defined. The diffraction pattern, which was 
taken only from the precipitate, shows the reflections expected for a 
single tetragonal particle. Note the {220} lattice reflections, which 
occur for both cubic and tetragonal phases, and the {211} superlatt: ce 
and {110} double diffraction reflections, which occur only for the tetra- 
gonal phase. Some of the tetragonal particles observed in the electron 
microscope transformed from tetragonal to monoclinic while in the micios- 
cope due to the Interaction of the electron beam with the particle, whii'.h 
probably takes place as localized heating of the specimen giving rise to 
stret'.ses in the material high enough to Induce the tetragonal-to- 
monoclinic transformation. The spheroid shown in Figs. 4 and 5 is one of 
the particles that were observed to transform while in the microscope. 

Fig. 6 shows this particle after the transformation. Note the twins 
associated with the monoclinic phase which lie along a <112> direction 
and normal to a <110> direction. Particles smaller than the 1.4 ym 
particle described above did not undergo the tetragonal-to-monoclinic 
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transformation, even when the electron beam was increased significantly 
in Intensity and held on the particle for times as long as 30 minutes. 
Therefore, there seems to be some critical spheroidal particle size below 
which the transformation will not occur. It is noted that similar twinned 
spheroid'll precipitates that also have undergone a martensitic transforma- 
tion were reported for a Cu-1 weight-percent Fe alloy (19). A monoclinic 
grain boundary precinitate and the adjacent grains are shown in Fig. 7. 

The grains exhibit strain contrast and the precipitate has several 
twins running through it. Its diffraction pattern, which is similar to 
that shown in Fig. 6b, has the streaking associated with fine twins. 

The microstructure of the commercially produced Y^O^-PSZ can be 
explained with the aid of the Y^O^-ZrO^ phase diagram presented in Fig. 1. 
The microstructuie suggests that the sintering operation was performed 
in the tetragonal + cubic two phase field at a temperature not far below 
the single phase cubic region. At this temperature cubic and a small 
percentage of tetragonal were in equilibrium. This temperature favored 
the formation of a few relatively large tetragonal precipitates which 
nucleated at energetically favorable sites, such as grain boundaries. 

On cooling through the two phase field, the equilibrium amount of 
tetragonal phase increased and numerous small coherent tetragonal 
particles were precipitated witnln the grains in a tweed configuration. 

On further cooling to room temperature some of the large tetragonal pre- 
cipitates which had formed at the elevated sintering temperature trans- 
formed to equilibrium monoclinic and experienced considerable twinning. 
Spheroids 2.1 pm or less in diameter did not undergo this transformation 
and remained as metastable tetragonal. It is noted that these spheroids 
are larger than any metastable tetragonal particles previously reported 
for PSZ systems (18, 20, 21). In particular, Gupta (21) working with a 
PSZ containing small amounts of ^2^3 that metastable tetragonal 

grains could be retained at room temperature if the grain size was below 
0.3 ym. 
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Characterisation of the Solutlon~Anneftled-»nd-Quenched Material 


A solution annealing treatment significantly modified the microstruc- 
ture of the PS2.. The material was annealed in the single phase cubic 
region shown in Fig. 1 and then air quenched to room temperature. The 
annealing treatment dissolved all of the second phase precipitates. LM 
revealed the absence of the large spheroidal and grain boundary precipi- 
tates evident xn the as-received material (Fig. 8). In addition, grain 
growth at the annealing temperature caused the grain size to increase 
from 3A to A2 pm. Bright-fi<ild TEM revealed only strain contrast (Fig. 9a) 
similar to that observed for the as-received FSZ (Fig. 3a). In dark- 
field, coherent tetragonal particles, which precipitated in the cubic 
matrix during the air quench to room temperature, were observed, as 
shown in Fig. 9. The two visible dimensions of these particles were 
found to be O.Cl pm by 0.02 pm at this orientation, which is near a 

[lllj zone. The microhardness of this material was measured to be 1376 

2 3/2 

kg/mm and the fracture toughness was found to be 2.3 MN/m . The high 

hardness is attributed to the presence of the coherent tetragonal pre- 
cipitates. 

Influence of Aging on the Microstructure and Kicrohardness of the As-Received 
Material 

The influence of aging on the microstructure and microhardness of the 

as-received PSZ was also studied. The microhardness is presented as a 

function of aging time at 1300^0 in Fig. 10. The PSZ Initially exhibits 

a typical precipitation hardening behavior, attaining a peak hardness of 
2 

1397 kg/mm , but at the longer aging times, 4,515 and 10,080 minutes, the 

2 

hardness again rises to approximately 1365 kg/mm . The drop in hardness 
after the peak value obtained at 50 minutes is probably due fo an over- 
aging of the fine tetragonal precipitates. The rise in hardness associated 
with the longer agings is probably due to the transformation of the large 

tetragonal spheroidal and grain boundary precipitates to monoclinic. 

2 

The longest aging, 43,200 minutes, had a hardness of 1444 kg/mm , which 
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Is the highest hardness obt^iined for all of the aged and unaged as- 
received PSZ specimens. This data point does not fit in well with the 
others, probably due to the fact that the specimen aged for 43,200 
minutes was found to have a slightly different composition from the other 
samples . 


The compositions of three of the aged and unaged as-received specimens 
were measured using EDAX attachments on an analytical TEM and on a 
scanning electron microscope (SEM) . In an unaged as-received specimen 
compositional measurements were made in two areas, in a large spheroidal 
precipitate and in an area containing both cubic matrix and fine tetragon- 
al precipitates. When measuring only the percentages of ^20^ and Zr02 in 
the two areas, the large spheroidal precipitate was found to be 0.9 mole-% 
Y20^-Zr02< This is as expected according to the phase diagram which 
shows that tetragonal precipitates that form at high temperatures, such 
as the spheroidal precipitates that formed during sintering in tlte 
two-phase region just below the solvus line, have ^ 20 ^ contents significant- 
ly less than the cubic matrix. The concentrations of two of the largest 
impurities in the material, Si 02 and Hf 02 , were also measured to see if 
there was a segregation of the impurities to specific areas. For both 
Impurities the concentrations were found to be approximately the ssme 
in both the spheroidal precipitate and in the area containing cubic 
matrix and tetragonal precipitates. Only relative values could be 
determined for the Si02 content, which was measured with an SEM, but the 
UfO., content was found to be 1.4 mole-% in the spheroidal particle and 

4 - 
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1.6 Bole-Z In the cubic-nacrlx-plus-flne-cecragonal-preclpitate area. 

In an aa-recelved apeciaen that vas aged for 1,525 nlnutea coopoaitlonal 
jaeasureaentB of the ^ 20 ^ and Zr 02 contents were aade both in the cubic 
matrix and in one of the saall tetragonal precipitates. The small 
tetragonal precipitate vas found to be 3.3 mole-Z Y20^-Zr02 while the 
cubic matrix was found to be 4.8 mole-Z Y202~Zr02. This is also as 
expected because the fine precipitates formed and grew at temperatures 
below that at which the material vas sintered. At these lower temperatures 
the V 2 O 2 concentration increases for both the tetragonal and cubic phases. 
In an as'^received specimen that vas aged for 43,200 minutes compositional 
measurements were made of the ^ 2 ^ and Z ''02 contents in only one area. 

This area consisted of cubic matrix and very fine tetragonal precipitafes, 
which were found to be 0.003 wm by 0.022 pm when imaged near a (111] zone. 
The composition of the cubic- tetragonal area was found to be 5.7 mole-Z 
Y 20 j-Zr 02 , which is about one mole-percent higher than any of the other 
specimens. This slight increase in Y20^ content vas evidently enough to 
put the specimen in the single phase cubic solid solution region of the 
phase diagram at 1300^0 because the tetragonal precipitates which had been 
growing with aging time for the other specimens were found to be smaller 
in this specimen than in any of the other specimens. Including those 
solution- annealed at much higher temperatures and then quenched. The 
presence of these very fine precipitates suggest that the solvus line of 

the phase diagram should be moved to lower ^ 20 ^ concentrations (to the 
left) for the region around 1500 C and 5-6 mole-Z ^20^. Apparently, 
this specimen was in the single-phase cubic-solid-solution region at 
ISOO^C and, when cooled to room temperature, passed through the two- 
phase cubic- tetragonal region, which allowed the nucleation and growth 
of fine tetragonal precipitates to begin. 

- - 



LM revealed that aging at 1500°C increased the grain size from 34 to 
61 pa in 43,200 minutes. Fig. 11 is an optical micrograph of the as-received 
material after aging for 43,200 minutes. Note the porosity and large numbers 
of grain boundary precipitates. Bright-aud dark-field TEM views of the 
un-aged as-rr.celved specimen tilted close to a [013J zone are shown in 
Figs. 12a and 12b. In brighc-field only strain contrast is visible, 
but in dark-field the fine tetragonal precipitates are seen in a tweed 
pattern. Note that the precipitates are relatively equiaxed and are 
arranged uniformly throughout the matrix. Hanniak (22) has also reported 
a microstructure that is quite similar to that shown in Fig. 12b for 
a 5.1 mole-X YjO^-ZrOj in the as-fired condition. With aging, the precipi- 
tates grew and the strain contrast, and therefore the strain in the material, 
decreased, allowing Improved Imaging of the tetragonal precipitates. 

Bright- and dark-field views of the precipitates in the material aged for 
230 minutes at 1500°C are presented in Figs. 13a and 13b. These micrographs 
were taken with the specimen oriented rear a (013] zone so that ch&nges 
due CO the aging treatment could readily be seen by comparison with the 
proceeding figure, Fig. 12. Note that after 250 minutes at 1500^0 the 
precipitates have become elongated, but are still relatively unifotmly 
distributed throughout the matrix. After aging the as-received material 
for 1,525 minutes at 1500^0 the precipitates were found to coalesce to 
form particles comprised of alternating trariants. This structure, made 
up of precipitates grouped together to form larger particles, is shown in 
Fig. 14. As before, the specimen was tilted close to a (013] zone so 
tnat direct coi^parison of the aging treatments could be made. 


10 


It was found by optical observations of cracks Induced during the 
fracture toughness measurements and by TEM that failure (cracking) of 
the material usually occured at grain boundary precipitates. A cracked 
grain boundary precipitate is shown in Fig. 15a. The crack can be seen 
running along the interface between the precipitate and the adjacent 
grains and through the precipitate Itself. Note also that twinning has 
occured along three different planes in the precipitate and that the 
diffraction pattern for the precipitate shows some evidence of diffraction 
spot streaking in three directions associated with the three twinning 
planes (Fig. 15b). 

Influence of Aging on the Microstructure and Microhardness of the Solution- 
Annealed-and-Quenched Material 

The solution-annealed material was also aged for various lengths of 

time at 1500°C to permit the influence of aging time on microstructure 

and mechanical behavior to be established. The microhardness is presented 

o 

as a function of aging time at 1500 C in Fig. 16. The solution-annealed- 

2 

and-quenched material reached a peak hardness of 1517 kg/mm after 

approximately four hours at 1500^0 and its hardness did not diminish 

significantly until after three days at 1500°C. The solution-annealed- 

and -quenched material was found to require a longer time at 1500*^C to 

reach its peak hardness than the as-received material. Also, once the 

peak hardness was reached, much longer times than those required for 

the as-received material were needed in order for the hardness to drop 

significantly. The drop in hardness is probably due to a combination of 

phenomena. These are the overaglng and coalescence of the tetragonal 

precipitates and the formation and growth of grain boundary precipitates. 

The agalng behavior of the solutior-annealed-and-quenched PSZ is much 

more sluggish, and yields higher hardnesses, than that of partially 

.'Stabilized zirconlas that contain oxides other than ^20^, such as MgO. 

For example, in a 8.1 mole-Z MgO-PSZ (1) that was aged at 1400°C, a 

2 

peak hardness of 1174 kg/mm occurred after 30 minutes and, upon further 

> 

aging, the hardness dropped rapidly to approximately 800 kg/mm . LM of 
the solution-annealed-and-quenched material revealed that aging at 1500°C 
Increased the grain size from 42 ym to 51 pm in 43,200 minutes. After 
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aging for 43,200 minutes a large number of grain boundary precipitates, 
which seem to be primarily (if not totally) monoclinic, have formed 
(Fig. 17). 

The primary difference between the initial microstructures and those 
developed by aging at 1500°C for the two different aging studies, that 
of the as-received material and that of the solution-annealed-and-quenched 
material, are given below. The primary difference between the aging 
studies Is that the as-received material, and therefore the aged specimens 
of the as-received material, has numerous spheroidal and grain boundary 
precipitates that are either tetragonal or monocllnlc while the solution- 
annealed-and-quenched material, and the earlier aged specimens of the 
solution-annealed-and-quenched material, shows no evidence of such 
precipitates. However, at long aging times, the solution-annealed- 
and quenched material does have a significant number of grain boundary 
precipitates. As far as the fine tetragonal precipitates are concerned 
both aging studies show approximately the same mlcrostructural development 
and evolution, except that the as-received specimens, when aged, reach the 
different stages of microstructural '.volution at earlier times due to 
the fact that the unaged as-received specimens had larger tetragonal 
precipitates than did the unaged solution-annealed-and-quenched specimens. 
Finally, the grain size of the solution-annealed-and-quenched material is 
larger than that of the as-received material, 42 pm vs. 34 pm, but after 
aging for 43,200 minutes the solution-annealed-and-quenched material 
achieved a grain size of only 51 pm, while the as-received material 
achieved a grain size of 61 pm (note: the composition of the as-received 
specimen that was aged the longest was found to be slightly higher in Y^O^ 
and the fine microstructure was significantly different from the preceeding 
specimens in the as-received aging study). 

Growth of Fine Tetragonal Precipitates Due to Aging at 1500°C 

The growth of the fine tetragonal precipitates with respect to time 
at 1500°C was characterized by TEM. All specimens were tilted or oriented 
close to a llll] zone for case of comparison be*:ween the different speci- 
mens (other zones could have been \ised). With the specimens in this 
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orientation the fine tetragonal precipitates were found to be approximate- 
ly rectangular in shape (only two dimensions visible) with one dimension 
usually being much less than the other except at very short aging times. 

Fig. 18 is a plot of the growth of the two measureable dimensions of the 
tetragonal precipitates with respect to time at 1500°C for the two aging 
studies. As can be seen, both aging studies demonstrate the same growth 
characteristics; the smaller dimension of the precipitates grows in a 
linear fashion while the larger dimension grows at a much greater rate 
with an ever-increasing slope (at least as far as this work is concerned). 

The only real difference between the growth curves for the as-received 
material and those for the solution-annealed-and-quenched material is that 
the as-received curves start at larger precipitate sizes, due to their 
prior thermal history, and, because the microstructural evolutions are 
similar, the curves for the as-received specimens are always higher than 
those for the solution-annealed-and-quenched specimens. As noted before, 
the last or longest aged specimen for the as-received aging study does not 
fit in properly with the other specimens. 

The growth of the tetragonal precipitates for both aging studies is 
described below, making use of dark-field images of the precipitates from 
both studies at the following aging times at 1500°C; 0, 30, 250, 1,523, 

10,080, and 43,200 minutes. All of the dark-field micrographs discussed 
below were taken of specimens tilted close to [111] zones. In all cases 
the tetragonal precipitates were found to lie along <112> directions. The 
tetragonal precipitates in the unaged as-received material (0.02 ym by 
0.05 ym) were distributed homogeneously throughout the cubic matrix (Fig. 3b). 

Aging for 50 minutes caused sone precipitate growth (0.02 ym by 0.06 ym) 
but did little else, with the precipitates still distributed uniformly 
throughout the cubic matrix (Fig. 19). After 250 minutes of aging the 
rate of growth ot the precipitates had again increased, and the precipi- 
tates (0.03 ym by 0.13 ym) had begun to show evidence of grouping together 
to form larger particles (Fig. 20). The rate of growth continued to 
increase as evidenced by the precipitates imaged after aging for 1,525 
minutes. These precipitates (0.03 ym by 0.18 ym) were found to be grouped 



together into particles made up of alternating tetragonal variants 
Csee Fig. 35, below). 10,080 minutes of aging time Increased the 
growth rate once again and caused the banded particles to Increase 
In size and number of precipitates (0.04 ym by 0.32 pm) per banded 
particle (Fig. 21). The specimen aged the longest for the as-received 
study does not fit in with the rest properly because Its composition 
varied significantly. This specimen was found to contain very fine 
tetragonal precipitates (0.003 ym by 0.022 ym) (Fig. 22a). In bright- 
field (Fig. 22b) this specimen showed no evidence of the tetragonal 
precipitates, but showed only strain contrast and bend contours. In 
a manner similar to that described above for the aging study of the 
as-received material, the rate of growth of the tetragonal precipitates 
increased with each successive time increment at 1500^0 for the aging 
study of the solutlon-annealed-and-quenched material. In the imaged 
condition, the precipitates (0.01 ym by 0.02 ym) were found to be 
relatively equlaxed and homogeneously distributed (see Fig. 9b). 

After 50 minutes of aging the precipitate structure showed little 
change except that the precipitates (0.02 ym by 0.04 ym) were slightly 
larger (Fig. 23). The microstructure obtained when the solution-annealed- 
and-quenched material was aged for 50 minutes at 1500 C is very similar 
to that obtained by Hannik (22) for a solution-treated 5.1 mole-% 
Y202“Zr02 that was aged for 100 hours at 1300°C; and in both cases the 
precipitates are shown aligned in a <112> direction. 250 minutes 
of aging time also brought about little change except for a small 
increase in the precipitate size (0.02 ym by 0.08 ym) (Fig. 24). 

Aging for 1,525 minutes caused the precipitates (0.03 ym by 0.16 ym) 
to begin to group together to form the larger banded particles (Fig. 25). 
The banded particles were found to be fully developed in the specimen 
aged for 10,080 minutes, with the individual precipitates (0.03 ym 
by 0.24 ym) becoming quite long (Fig. 26). The final aging of the 
solution-annealed-and-quenched material, for 43,200 minutes, caused the 
banded particles and the individual precipitates (0.04 ym by 0.60 ym) 
to increase in size substantially, yielding the largest particles and/or 
fine precipitates observed in either aging study (Fig. 27). 
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Detemtlnatlon of the Habit Plane of the TetraRona Precipitates 


In order to determine the habit plane (s) of the tetragonal 
precipitates. Images of the precipitates had to be photographed at 
several different orientations. The orientations used for this are all 
close to five different zone axes, which are the [013], the [012], 
the [Oil], the [111], and the [Il2] zone axes. These axes, along with 
the [001] zone axis, are most of the more commonly used zone axes on 
the unit stereographic triangle. Fig. 28 shows the unit stereographic 
triangle for cubic (f.c.c.) zlrconia with tetragonal precipitates. 

The locations of the six zones mentioned above and the diffraction 
patterns associated with these zones are placed on or near the triangle 
shown in Fig. 28. Actual diffraction patterns obtained by TEM from 
samples used in the two aging studies are presented in Fig. 29. Figs. 

29a, 29b, 29c, 29d, and 29e are, respectively, [001], [013], [012], [011], 
and [112] zones. Below each of the diffraction patterns the different 
diffraction spots pertaining to each zone are Indexed. These zone axes 
are representative of those obtainable from each of the specimens ^lsed in 
this work. 

The information needed to determine the habit plane (s) was obtained 
by taking dark-field micrographs of the tetragonal precipitates near 
each of the five zones discussed above. Fig. 30 is a dark-field micrograph 
of the tetragonal precipitates in the as-received specimen aged for 1,523 
minutes at 1500°C that has been tilted to near a [013] zone. In this 
figure the precipitates can be seen to lie along two <331> directions. 

All of the uark-field micrographs used for the habit plane determination 
were taken of the same as-received sample aged for 1,525 minutes at 1500^0. 
Fig. 31, which is another dark-field micrograph, shows the precipitates 
directed along two <221> directions when the foil is tilted close to a 
[012] zone. In Fig. 32 the specimen has been oriented close to a [011] 
zone and, in dark-field, the precipitates can be observed running along 
two <lll> directions. When the foil is tilted close to a [Il2] zone, 
the precipitates, when imaged in dark-field, lie along two <311> 
directions (Fig. 33). 


A typical [111] zone, found in either of the two aging studies, 
is shown in Fig. 34. In this figure, below the actual micrograph, the 
spot pattern is reproduced and indexed, showing {220}, (112), and {110} 
spots. The {220} reflections are due to the cubic matrix and to the 
tetragonal precipitates. The {112} reflections are superlattice spots 
and are due to the three possible variants of the tetragonal phase. 

These three variants arise from the c-axis of the tetragonal unit 
cell being able to line up in any one of three <100> cubic directions. 

The other reflections shown in Fig. 34 are {110} spots, which are due to 
double diffraction. Using each of the three different types of {112} 
spots, in this case the (2ll), the (121), and the (112) spots, the three 
different variants of the tetragonal phase were illuminated by dark-field 
Imaging. Figs. 35a, 35b, and 35c, which are each of the exact same area, 
all show a single tetragonal variant Illuminated. From these micrographs 
it can be clearly seen, with the aid of Fig. 35d which shows the same 
area in bright-field and has the corresponding diffraction pattern 
oriented properly, that the banded particles are each made up of two 
tetragonal variants, with the alternating precipitates each being of 
the same variants. Also, note that each variant accounts for two types 
of precipitates that lie at angles of 60° (or 120°) to each other. Thus, 
a total of six types of precipitates can be illuminated when micrographs 
are taken of the dark-field images obtained using the three different 
types of {112} spots from a particular [111] zone. Note that all of these 
precipitates lie along <112> directions. 

The habit plane (s) of the tetragonal precipitates was found to be 
a {110} plane. Earlier work (22) has shown that the habit plane was 
either a {100} or a {110} plane, but the two possibilities could not 
be distinguished from each other. The habit plane was determined by 
considering the precipitate directions, given In Figs. 30, 31, 32, 33, 
and 35, as traces of lower index planes. Fig. 36 is a table of the 
directions that correspond to traces of specific planes in specific 
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zones. This figure shows all the possible traces for {100} and 
{110} planes in the five zones discussed above. Also, the specific 
traces deterxained from the dark-field micrographs given in the preceed- 
Ing figures are given. All of the traces obtained from the dark-field 

Images are of {110} planes, which indicates that the habit plane is a 
{110} plane and not a {100} plane. Note, also, that the six types of 
tetragonal precipitates illuminated using the three {112} spots lie 
on only three of the six {110} planes. Therefore, there must actually be 
twelve different types of tetragonal precipitates arranged on six planes 
with two types per plane. The six types of precipitates not illuminated 
in Fig. 35 most probably would show up by dark-field techniques with the 
specimen tilted to a different [lllj zone. 

Determination of the Shape of the Tetragonal Precipitates 

Nuw that we have determined the habit planes of the tetragonal 
precipitates to be {110} planes, the shape of the tetragonal precipi- 
tates can best be determined by looking at a specimen tilted close to 
a [Oil] zone. Figs. 37a and 37b show the as-received specimen aged for 
1,525 minutes at 1500°C oriented close to such a zone. In these figures, 
where 37b is a higher magnification of approximately the same area 
shown in 37a, the precipitates can be seen to be roughly rectangularly 
shaped plates. The dark areas are precipitates that are viewed 
looking normal to the largest of tht^ir faces. These faces are seen 
to be roughly rectangular or somewhat distored ellipses. From these dark 
precipitates two of the three dimensions of the plates can be determined. 
The other dimension, the thickness of the plates, can be determined by 
looking at the light banded areas in the figures. These areas are 
precipitate plates viewed edge on showing the two smaller dimensions of 
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the plates. As noted before these banded areas are made up of two variants 
stacked up one on top of the other. The edges of the plates are seen to 

lie In two <110> and one <100> directions. Also, the precipitate plates 

appear to be stacked up, one on top of the other, in <111> directions. 

The rectangular shape of the plates can be seen more clearly in Fig. 38. 

This figure shows the solution-annealed-and-quenched specimen that has been 
aged for 10,080 minutes and is tilted to such an orientation that the bands 
in the banded particles are observed running in a <311> direction. In 
this figure all three dimensions, although not exactly true dimensions, 
can be seen. The two smaller dimensions can be determined from 
the banded particles which are groups of precipitates viewed approximate* 
ly edge on, and the third dimension can be determined from the other 
type of particle seen in the figure. These particles appear relatively 
featureless, similar to the matrix, with only their boundaries being 
visible. In all of these particles seen in the figure, the outlines of 
several precipitates stacked up one on top of the other can be observed. 
These particles, showing the outlines of several precipitates in each, 
show more clearly than Figs. 37a and 37b the rectangular nature of the 
large faces of the individual precipitates. 

X-Ray Analysis of the Influence of Aging on the As-Received and Solution- 
Anneal ed-and-Quenched Materials 

The structures of the aged and unaged specimens were also studied by 
X-ray analysis with a diffractometer using Cu Ka radiation. X-ray 
analysis also demonstrated that the amount of strain within the material 
(discussed earlier) decreased with aging time at ISOO^C. This reduction 
in strain is indicated by the fact that the diffraction peaks become 
narrower with increasing aging time, as shown in Fig. 39 for the as-received 
material. The portion of the diffractometer scans shown contains the cubic 
(400) and the tetragonal (400) and (004) peaks. Because the cubic and 
tetragonal lattice parameters are only slightly different, these peaks 
are difficult to separate. 
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When CaO- or MgO-PSZ (1, 20, 22) la ground into powder fora for 
X-ray analysis, the oetastable tetragonal precipitates retained at room 
temperature transform to monoclinic because of the removal of the con- 
straint of the matrix. This transformation also occurs in the vicinity 
of cracka which propagate through the material and is believed to enhance 
the toughness of the FSZ. This toughening mechanism has been called 
transformation toughening. However, it has been reported that tetragonal 
precipitates in YjO^-PSZ do not transform to monoclinic on grinding ( 22 ). 
Similar results were also obtained in whis study. Grinding was found to 
have little if any influence on the percentage of monoclinic phase. Thus, 
it appears that transformation toughening is not a significant mechanism 
in y^O^-PSZ. The improved properties of this material are probably primarily 
associated with precipitation strengthening Instead. 


Influence of Aging on the Fracture Toughness of the As-Received 
and Solution-Annealed-and-Quenched Materials 

The fracture toughness of the aged and imaged as-received material 

and of the aged and imaged solution-annealed-and-quenched material was 

Bieasured using an overloaded microhardness testing mechine with a Vickers 

Inuenter and a load of 1 kg. In all cases the fracture toughness was 

3/2 

found to be between 2 and 3 MN/m (except for the longest aging of the 
as- received material, which, as noted before, had a higher ^ 2^3 concentra- 
tion). Fig. 40 shows the effect of aging at 1300°C on the fracture tough- 
ness of both the as-received and solution-annealed -and-quenched materials. 
The fracture toughness was found to be relatively insensitive to the 

aging treatments tflth all changes or fluctuations in K , the fracture 

3/2 

toughness, being within the range of 2 to 3 MN/m . For the as-received 
material a slight peak was observed in the values for aging times 
of 1,523 and 4,313 minutes, after which the fracture toughness dropped 


back down. This peak in the curve may be associated with the formation 
of the banded particles made up of alternating tetragonal variants which 
are observed to form at these aging times. The final drop in is 
probably due to the Increase in monoclinic spheroidal and grain boundary 
precipitates that occurs at the longer aging times. The curve 
of the solution-annealed*and quenched material shows two slight peaks » 
the first around 50 minutes and the second around 10,060 minutes. The 
only observed difference between unaged specimens and those aged for 30 
minutes that might account for the first peak is the development of 
elongated precipitates from roughly equiaxed ones. Continued precipitate 
growth accompanies the subsequent drop in The second peak in the 

Kjj, curve, as with the peak in the curve for the as-received material, 
may be associated with the formation of the banded particles and the sub- 
sequent drop in as before, is probably due to the increase in 

monoclinic grain boundary precipitates. The fracture toughness of the 
4.5 mole-X Y^O^-PSZ used in this study and those of several other PSZ's 
are given in Fig. 41 in tabular form. From the figure, it can be seen 
that the PSZ's that do not transformation toughen, which includes that of 
the present study, have K^^'s between 1 and 3, while PSZ's that do 
transformation toughen have between 5 and 9. 
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IV CONCLUSIONS: 


1) The coBmerclally available 4.5 iDole-Z Y20^'*PSZ studied contains 

a few large spheroidal and grain boundary precipitates up to 4 un 
in size which are either Detestable tetragonal or oonoclinic in 
structure and small 0.05 wm tetragonal precipitates arranged in a 
tweed pattern. 

2) Spheroidal precipitates up to 2.07 ya in diameter were metastable 
tetragonal; large spheroidal precipitates transformed to monoclinic. 

J) Solution annealing and quenching the PSZ dissolved all of the pre- 
cipitates* but very fine 0.02 ym tetragonal particles formed in a 
tweed configuration during the air quench. 

4) For short agings the as-receivet. PSZ exhibited a typical hardening 

2 

behavior showing a maximua hardness of about 1400/Kg/inm after 50 
minutes at 1500®C. At long agings, however, the hardness again 
increased. 

5) EDAX analysis showed that the large spheroidal precipitates were 
0.9 mole-2 Y^O^-ZrOj, the fine tetragonal precipitates were about 
3.3 oole-2 Y^O^-ZrO^, and the cubic matrix was approximately 4.8 
mole-2 Y 20 j-Zr 02 . 

6) The solution-annealed-and-qucnched PSZ exhibited a much more sluggish 
hardening behavior than the as-received PSZ and it reached a maximum 
hardness of 1517 Kg/an^ after 250 minutes at 1500°C. 

7) The primary difference between the two aging studies is that the 
as-received material, and therefore the aged specimens of the as-received 
Mterial, has numerous spheroidal and grain boundary precipitates that 
are cither tetragonal or mcnocllnic while the solutlon-annealed-and- 
quenched materials and the earlier aged specimens of the solution- 
•nnealed-and-quenched auterial, shows no evidence of such precipitates. 
However, at long aging times, the solution-annealed-and-quenched material 
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does have a significant number of grain boundary precipitates. 

8} As far as the fine tetragonal precipitates are concerned both 

aging studies show approximately the same microstructural develop^ 
aent and evolution except that the as»received specimens, when aged, 
reach the different stages of siicrostructural evolution at earlier 
times due to the fact that the unaged as-received specimens had 
larger tetragonal precipitates than did the unaged solutlon- 
annealed-and-quenched specimens. This micro-structural development 
and evolution involved the formation and growth of fine homogeneously 
distributed tetragonal precipitates Into particles comprised of 
alternating tetragonal variants. 

9) The growth of the tetragonal precipitates in both aging studies was 
found to be similar;. TVo dimensions of the precipitates were 
measured for each aging treatment, and the growth of the siasller 
dimension was found to be a linear relationship while the other 
dimension increased at a much greater rate. 

10) The tetragonal precipitates were found to have a {110} habit plane, 
there were found to be a total of twelve different types of tetragon- 
al precipitates. 

11) The tetragonal precipitates were found to be in the shape of rectangu- 
lar plates, with the edges of the plates being along, two <110> 

and one <100> directions. Also, the precipitate plates appear to be 
stacked up, one on top of the other, in <111> directions. 

12) Grinding the Y20^-PSZ Into a powder did not cause a significant 
amount of metastable tetragonal to transform to monoclinic. This 
fact Implies that transformation toughening is not a significant 
mechanism in y 202 “PSZ. 

13) The fracture toughness was found to be relatively insensitive to the 

aging treatments with all changes or fluctuations in K_. being within 

3/2 

the range of 2 to 3 MK/m . These values are similar to those of 
other PSZ*s that do not exhibit transformation toughening. 
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FIGURE 1: Equilibrium phase diagram for the system Zr02~Y203 (16) 

The vertical line at the 4.5 mole-2 Y2O3 represents the 
composition employed in this study. 
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Light micrograph shoving the commercially produced 
4.5 mole-X Y 2 O 3 -PSZ in the as-received condition. 

The black areas are pores in the material, and the 
arrows point to some of the grain boundary and spher 
oidal precipitates. 


FIGURE 2 




FIGURE 3a 


A bright-field TEM of an as-received specimen. In 
this micic<?raph, only strain contrast is apparent; 
in the following micrograph (Figure 3b), the tetra 
gonal precipitates can be observed. 




FIGURE 3b: A dark-field TEM of an as-received specimen. 

In this micrograph, the tetragonal precipitates 
can be observed. The precipitates are aligned 
in ^112> directions. The strain fields accom- 
panying the precipitates are shown in the pre- 
ceding micrograph. Figure 3a. 
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FIGURE 4: A bright-field TEM of a spheroidal precipitate 

in an as-received specimen which was oriented 
in a two- beam condition, with the diffracted beam 
being the (220). The mottled, or speckled, appear- 
ance of the spheroid is due to damage produced by the 
ion thinning process used to prepare specimens for 
the electron microscope. 




FIGURE 5 


A bright-field TEM shoving the same spheroidal 
precipitate that was shown in Figure 4. The 
precipitate appears dark because it has been 
tilted to a zone, the [111]. 



FIGURE 6: A bright-f leld TEM of the same spheroidal pre- 

cipitate shown in Figures 4 and 5 after the tet- 
ragonal-to-Tuonoclinic transformation. The SAD 
pattern for the precipitate shows streaking in 
a ^110^ direction because of twins in the par- 
ticle. 
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FIGURE 7: A bright-field TEM of a grain boundary precip- 

itate found in an as-received specimen. The 
precipitate has several twins and its SAD pat- 
tern showed the streaking associated with the 
monoclinic twinning. 
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FIGURE 8 


Light micrograph showing the Y2O3-PSZ in the 
solution-annealed-and-quenched condition. The 
black areas are pores. Note that all of the 
large precipitates shovm in Figure 2 have been 
dissolved by the solution annealing treatment. 
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FIGURE 9b: A dark-field TEM of the solution-annealed-and- 

quenched material shoving the alignment of the 
precipitates. They are aligned in two ^21]^ 
directions, yielding a cross-hatched configur- 
ation. The strain contrast associated with the 
precipitates is shown in the previous micro- 
graph, Figure 9a. 
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TIME AT 1500’C Minutes (Log Scale) 

FIGURE 10: Microhardness of the as-received 4.5 inole-X Y2O3 - Zr02 

a function of aging titae at 1500*C. A Knoop diamond 
Indenter, with a 200 gn. load was uso>' in the hardness 
measurement . 
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FIGURE 11: An optical micrograph of the as-received material 

after aging for 43,200 minutes at 1500*C. Porosity 
(black ureas) and boundary precipitates are 

quite evident. 
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FIGURE 12a: Transmission electron micrograph oi an as- 

received specimen, taVen with in the bright- 
fleld mode, showing only strain contrast 
around precipitate particles. The dark 
field mode micrograph of the same area of 
the specimen is shown in the r.c:t figure. 
Figure 12b. 





FIGURE 12b: 


A dark-field electron micrograph of the same 
area of the as-received specimen shovm in Figure 
12a. The tetragonal precipitates are clearly 
visible in the micrograph; they are aligned in 
two 030 directions (approximately^- The dark 
field image was produced using a (231) fluorite- 
forbidden reflection, which arises only from the 
tetragonal phase, and not from the cubic phase. 
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FIGURE 13a; Bright-field TEM of an area of the as-received 
material aged for 250 minutes a*- 1500®C. a 
{ 100} reflection, resulting from double dif- 
fraction from ^300} and [310] fluorite-for- 
bidden reflections, was used to form the image. 
The precipitates are shown to lie along two 
<33l]^ directions. 
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FIGURE 13b: Dark-field TEM of the same specimen shown in 

Figure 13a. Please refer to Figure 13a for 
imaging details. 






FIGURE lA: A dark-fieid TLM cf an as-received specimen that 

was aged for 1,525 minutes at 1500®C. The pre- 
cipitates are shown aligned in 030 directions. 
Note how the precipitates are grouping together 
to form particles made up of alternating tetra- 
gonal variants. 
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FIGURE 15a: A bright-f ield TEM of a grain boundary precip- 

itate in an as-received specimen that had been 
aged for 1.525 minutes at 1500“C. The three 
directions. A, B, and C are normals to the twin 
nianps. Note the crack in the upper right por- 





FIGURE 15b: A diffraction pattern of the same specimen 

shown in Figure 15a. The three directions, 
A, B, and C are the directions in which 
streaking occurred. Please refer to Figure 
15a for the TEM of the specimen. 




FIGURE 16: Microhardness of the solution-annealed-and-quenched 

4.5 mole-X Y2O3 - Zr02 as a function of aging time 
at 1500®C. A Knoop diamond indenter with a 200 gm 
load was used for the hardness measurements. 
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FIGURE 18: Tetragonal precipitate growth of the solution-annealed- 

and-quenched and of the as-received PSZ as functions of 
aging time at 1500'C. Precipitate sizes were measured 
in two orthogonal directions. 




FIGURE 19 


A dark-field TEM of the as-received material aged 
for 50 minutes at 1500*C. Precipitates are shovm 
aligned in two <112^ directions. 






DF 

9 = 2Ti 
2 =ni 

4 off zone 


FIGURE 20: A dark-field TEM of the as-received material aged 

for 230 minutes at 1500‘C. Precipitates are shown 
aligned in two <112^ directions. 



ORIGINAL PAGE 1^' 
OF POOR QUALm 



FIGURE 21: A dark-field TEM of the as-received material aged 

for 10,080 minutes at 1500*C. Precipitates are 
shown aligned in two ^112'^ directions > 
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FIGURE 22a: A darV-field TEM of an as-received specimen 

aged for 43.200 minutes at 1500*C. The pre- 
cipitates are shown aligned in two ^112^ 
directions . 
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FIGURE 22b: A bright~field TEM of an as-received specimen 

aged for 43,200 minutes at 1500*C (same specimen 
as that represented in Figure 22a). Only strain 
contrast and bend contours are visible in the 
micrograph. 




riGURE 23: A dark-field TEM of the solution-annealed-and- 

quenched material aged at 1500®C for 50 minutes. 
The precipitates are showTi to lie along two 
<112^ directions. 



0.25 pi 


FIGURE 24: A dark-field TEM of the solution-annealed-and- 

quenched material aged at 1500®C for 250 minutes. 
The precipitates are shown to lie along two ^112^ 
directions. 
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FIGURE 25: A dark-field TEN of the solution-annealed-and- 

quenched material aged at 1500®C for 1,525 min- 
utes. The precipitates are shown to lie along 
two <112> directions . 
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FIGURE 26: 


dark-field TEM of the solution-annealed-and- 
enched material aged at 1500»C for 10.080 mxn- 
:es. The precipitates are shown to lie along 
directions. 




FIGURE 27: A dark-field TEM of the solution-annealed-and- 

quenched material aged at 1500®C for A3, 200 min- 
utes. The precipitates are shown to lie along 
two <112^ directions. 
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FIGURE 28: The unit stereographic triangle for cubic (fee) 

zirconia with tetragonal precipitates. Shovm are 
the locations for the [013], [012], [Oil], [111], 
[112], and [001] zones, and their associated 
diffraction patterns. 
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FIGURE 29a: Typical SAD pattern for aged and unaged speciemns. 

The pattern shovn is that of a [001] zone. 
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FIGURE 29b: Typical SAD pattern for aged and unaged specimens 

The pattern shown is that of a [013] zone. 







FIGURE 29d: Typical SAD pattern for aged and unaged specimens. 

The pattern shown is that of a (Oil) zone. 
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FIGURE 29e: Typical SAD pattern for aged and_unaged specimens. 

The pattern shown is that of a [112] zone. 
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FIGURE 30: A dark-field TEM of an as-received specimen that 

was aged at 1500*C for 1525 minutes. The precip- 
itates are aligned in twc <331^ directions. 
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FIGURE 31: A dark-field TEM of an as-received specimen that 

was aged at 1500*C for 1525 minutes . The precip- 
itates are aligned in two ^220 direct ions. 






FIGURE 32: A dark-field TEM of an as-received speciner that 

was aged at 1300*C for 1523 minutes. The precip- 
itates are aligned in two ^111^ directions. 
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FiGUFX 33: A dark-field TEM of an as-received specimen that 

was aged at 1I>00®C for 1525 minutes. The precip- 
itates are aligned in tw . ^311^ directions. 
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FIGURE 34: 


T>'pical SAD pattern for aged and unaged specimens. 
The pattern shown is that of a (111] zone. 
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Dark-field TEM of an as-received PSZ specimen 
aged 1525 minutes at 1500‘’C showing a single 
tetragonal variant that was imaged with a 
^112^ spot. 


FIGURE 35a 
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Dark-field TEIM of an as-received PSZ specimen 
aged 1525 minutes at 1500“C, showing a single 
tetragonal variant that was imaged with a 
^112^ spot. 


FIGURE 35b 



Dark-field TEIM of an as-received PSZ specimen 
aged 1525 minutes at 1500“C, shoving a single 
tetragonal variant that was imaged with a 
jll2} spot. 


FIGURE 35c 
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FICUKE 35d: 

Briglit-field TFIM of the area of an 
specimen aged 1525 minutes at 1500 

as-received 
®C shown In 


Figures 

35a, 35b, and 35c. 
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FIGURE 36: Table of the directions that correspond to traces 

of specific planes in specific zones. The direc- 
tions in brackets, [], correspond to those obtained 
from the preceding figures (Nos. 30, 31, 32, 33, and 
35). 
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FIGURE 37a: Bright-field TEM of an as-received specimen 

that was aged for 1525 minutes at 1500*C, 
showing the true dimensions and/or shapes of 
the tetragonal precipitates. 




Bright-field TEM of an as-received specimen 
that was aged for 1525 minutes at 1500‘’C. 

This figure is an enlarged view of that in 
Figure 37a, and shows the dimensions and shapes 
of the precipitates in more detail. 
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FIGURE 38: A bright-field TEM of a specimen that was solution 

annealed-and-quenched and then aged for 10,080 
minutes at 1500®C. The rectangular shape of the 
largest face of the precipitates can readily be 
observed . 
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FIGURE 39: Influence of aging the as-received material at 1500*C on dif- 
fractometer peak configuration. Note the sharpening of the peaks 
with Increasing aging time. 




FIGURE 40: Fracture toughnesses of the as-received and the 

solution-annealed-and-quenched materials as a func- 
tion of aging time at 1500*C. A Vickers diamond 
indenter and a 1 Kg load were used for the hardness 
measurements . 
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Figure 41: 


The fracture toughnesses of several partially 
stabilized zirconlas. 


